The use of reluctance networks has been a conventional practice to analyze transformer structures. Basic transformer structures can be well analyzed by using the magnetic-electric analogues discovered by Heaviside in the 19 th century. However, as power transformer structures are getting more complex today, it has been recognized that changing transformer structures cannot be accurately analyzed using the current reluctance network methods. This paper presents a novel method in which the magnetic reluctance network or arbitrary complexity and the surrounding electrical networks can be analyzed as a single network. The method presented provides a straightforward mapping table for systematically linking the electric lumped elements to magnetic circuit elements. The methodology is validated by analyzing several practical transformer structures. The proposed method allows the analysis of coupled inductor of any complexity, linear or non-linear.
Introduction
Magnetic circuits are commonly represented by equivalent electrical circuits [1] [2] [3] . In magnetic cores, flux increases when magnetomotive force increases in the same way as current increases by increasing voltage in resistor. This creates analogies between magnetic and electric circuits, where reluctance corresponds to resistance and electromotive force corresponds to magnetomotive force. Also, magnetic fluxes in a reluctance network add up to zero in a same way as currents add up to zero in electrical circuit. Therefore, a magnetic circuit can be modeled by first identifying reluctance elements in a transformer structures (limbs, yokes, leakage flux paths) and mapping them as resistances. Winding currents are replaced as voltage sources and the resulted electrical circuit is solved using the traditional circuit analysis methods.
These electric-magnetic analogies constitute a basis to analyze basic transformer structures. However, as transformer structures of today are getting more and more complex, a need has arisen to come up with a more systematic treatment of coupled inductors so that their dynamics could be modeled effectively in situations, which are considered to be challenging. The methodologies presented in transformer literature [4] [5] are for power transformer analysis under symmetrical core. For asymmetric three-phase magnetic cores, the reluctances of individual limbs vary. This method, however, cannot be generalized as it is hard wired to one particular core structure. Analysis methods for complex multi limb transformer structures are presented in [6] - [12] , however they are not generic enough for systematic treatment of arbitrary complex coupled inductors.
Most circuit analysis tools, such as Simulation Program with Integrated Circuit Emphasis (SPICE), provide methods to include transformers into transient and steady state analysis [13] . These, however, allow typically transformer to be represented by means of coupling factor. While this suits well for the analysis of a single core multi-winding transformer, it is not suitable for systems including multiple limbs and complex interconnection of the windings.
Power system analysis softwares such as Electro Magnetic Transients Program/ Alternative Transients Program (EMTP/ATP) [14] provide modules to model transformers, but they are also limited to a small set of known transformer types such as: single-phase single-limb and three-phase three-limb.
The motivation of the development of the methodology presented in this paper arose from practical complex transformer design problems, which could not be easily addressed using the methods available today. For example, the magneto-electric circuit in Figure 1 is one practical example that is hard to analyze using methods of the current art. It includes asymmetry via yoke reluctances. Solution to this is obviously possible by writing a system of differential equations 
Mapping Electrical Elements to Magnetic Domain
This section presents the primary elements of transformers. A methodology is presented, where the electrical circuits surrounding the coupled inductor can be mapped to magnetic domain using defined rules of transformation as described below. When the impedance connected to the winding is an inductor, similar analysis (as described above) can be done to get that the reluctance presented is not frequency dependent as can be seen in Equation (6) . Thus, it can be represented as a resistor in magnetic domain.
Rule 4: Transformation of capacitance into non-linear negative resistance
When the impedance in the winding is purely capacitive, the resulting reluctance becomes as described in (7). In frequency space the reluctance is negative, real and squarely dependent on frequency (8). When the impedance connected to the transformer contains both resistive and reactive parts, the reluctance has a complex value: This transforms a Thevenin source in magnetic domain. This can be calculated by first writing the induced voltage in the electrical circuit (11) and combining this with the definition of magnetomotive force (12) .
Developing this further, an expression for the magnetomotive force is given as,
Therefore, a Thevenin source can be transformed to electrical domain as Thevenin or Norton source, depending which suits better for the analysis following. Thevenin source voltage is in (14) and Norton source current is in (16).
The corresponding mappings are presented in Figure 5 and Figure 6 . ( )
(b) Figure 7 . Analysis with non-linear magnetic core.
Analysis of Practical Transformer Structures Using Reluctance Methods
Two cases are analyzed by using the proposed method. First one is a three-limb three-phase transformer with asymmetric core, leakage flux and winding resistances. Symmetry behavior of this transformer is studied using the proposed methods. Second one is a single-phase transformer with leakage reluctance and winding resistances and its performance is analyzed in transient and high load situations.
Three-Limb Three-Phase Delta-Wye Connected Transformer with Asymmetries
Referring to the transformer in Figure 8 , the corresponding reluctance network is described as Figure 9 . It includes the yoke reluctances, which create asymmetry and leakage reluctances for each limb. There is a winding resistance in both the primary and secondary side. The analysis is aimed to verify the following,
• The impact of reluctance asymmetry to the output voltage asymmetries in different symmetric load conditions
• The behavior of the voltages in the secondary, when the load is heavily asymmetric.
As discussed in section one, this kind of transformer with asymmetries in core is hard to analyze using traditional methods.
The proposed method is applied by first mapping the electrical circuits surrounding the coupled inductor. The three primaries are Thevenin sources and rule 6 is applied. The secondaries are resistive loads and rule 3 is applied. Figure 8 . Three-phase wye-delta transformer. Figure 9 . Reluctance network of transformer under study.
After applying the described rules the network to be solved is as shown in Figure 9 . Using a Nodal analysis method [15] from circuit analysis the circuit is solved.
Impact of yoke reluctance asymmetry is studied by providing symmetrical voltage to the primary, symmetrical load at different levels and observing the negative sequence voltage in the secondary. Negative sequence output voltage as a function of load resistance is shown in Figure 10 .
This analysis shows that the asymmetry created by yoke reluctances in the magnetic core do induce substantial asymmetries in the output voltages.
Second view is to look at, how the transformer performs, when primary voltages are symmetrical, but load is asymmetrical and resistive. Figure 11 shows the phase voltages in the secondary. It shows, that under asymmetrical load in the outer limb secondary means, that at higher loads the voltage in the center limb starts to increase over the nominal voltage. Figure 12 shows that the negative sequence voltages do not rise substantially, however.
Single-Phase Transformer with Leakage Reluctance

Linear Magnetic Core
Second case concerns single-phase transformer including leakage flux and winding resistances as in Figure 13 . The core is linear (Figures 13-15 ).
Non-Linear Magnetic core
To demonstrate the capabilities of the proposed method the system shown in magnetomotive force. This function is presented in Figure 17 .
The differential equations derived using the methods in this paper are described in (19) and (20). 
Solving these differential equations numerically in a case, where the load is 10
Ohm and primary winding resistance is 10 Ohm and primary and secondary turns are 1000 and 100 respectively, gives fluxes as in Figure 18 and secondary voltages as in Figure 19 . 
Conclusion
A systematic method to analyze complex coupled inductors based on straight forward reluctance transformation rules is presented. This method facilitates the analysis of such transformer structures that could not be analyzed using the methods known in current transformer literature. In particular this applies to transformers, which have asymmetric reluctance network. The method makes it possible also to systematically incorporate the dynamics of the surrounding electric circuits around the coupled inductor in a systematic manner.
